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al., 1999; Glauner et al., 1999). This overall configurationNew Turf for CFP/YFP
affords two important advantages. First, only mem-FRET Imaging of Membrane brane-targeted ion channels are fluorophore labeled,
so that nonfunctional channels in the cell interior (e.g.,Signaling Molecules
endoplasmic reticulum) remain invisible with regard to
FRET imaging. Second, channels may be labeled with
optimal fluorophores like “caged” lanthanides (Cha etTIRF microscopy can be used in conjunction with CFP/
al., 1999) that “randomize” their orientation within theYFP FRET to detect movements of the cytoplasmic
time it takes for elementary FRET events to occur. Suchtails of GIRK channels (Riven et al., this issue of Neu-
randomization makes known certain parameters em-ron). This innovative combination of techniques allows
bedded in the explicit calculation of interfluorophoremolecular resolution of small motions underlying ion
distance.channel activation by G proteins and will likely find
By contrast, the intracellular aspect of ion chan-widespread use for study of membrane-associated
nels—so crucial to neuromodulation—remains a com-molecules.
parative “dark continent,” as appropriate fluorophore
labeling of this side of channels has proven a difficultAn ultimate dream of molecular neurobiologists has
proposition. Selective labeling of exogenously appliedbeen to visualize key atomic-scale motions of signaling
fluorophores at intended intracellular sites on the chan-molecules as they drive biological function in live neu-
nel may be difficult to achieve (Griffin et al., 2000). Alter-rons. In the present reality, X-ray crystallography, NMR/
natively, genetically encoded fluorophores like CFP and
EPR spectroscopy, and (cryo) electron microscopy
YFP (Miyawaki et al., 1997) enable ultraconvenient tag-
bring forth dazzling snapshots of amenable molecular
ging of ion channels at intracellular loci, simply by creat-
players. Yet these structural determinations tend to rep- ing cDNA fusions of the genes encoding an ion channel
resent conformational averages obtained under condi- and either of these fluorophores and transfecting the
tions considerably removed from those in situ. Still elu- resulting constructs into cells. The native cellular ma-
sive is mainline information about molecular movements chinery then does all the hard work of making fluoro-
among multiple conformational states, especially as phore-tagged ion channels and inserting them into the
they exist in the biological milieu. Moreover, the family membrane. However, the seductive ease of this ap-
of transmembrane proteins, which are so crucial to neu- proach comes with significant challenges. Now, FRET
ronal function, has resisted imaging by the aforemen- signals come not only from functional channels on the
tioned classic approaches, owing to the understandable surface membrane, but potentially from nascent and
penchant of these molecules for a hydrophobic lipid reclaimed channels in the cell interior. FRET studies of
environment. Prominent among the recalcitrant, mem- Ca2 channels (Erickson et al., 2001) and cyclic-nucleo-
brane bound players are ion channels, whose confor- tide-gated channels (Zheng et al., 2002), tagged intracel-
mational changes form the very syllables of electrical lularly with CFP/YFP, have finessed this issue by induc-
signaling throughout the brain. Accordingly, the over- ing these channels to target predominantly to the
whelming majority of these proteins remain in the dark surface membrane, with relatively little noise from the
ages as regards atomic-scale structure, though there is intracellular compartment. Even so, interfluorophore
now a triumphant (but limited) list of ion channel mole- distance calculations were precluded in these studies,
cules yielding to the siren song of classic structural owing to legitimate concerns over the randomization of
determination (Chung and Kuyucak, 2002). bulky CFP/YFP fluorophores (25  40 A˚). More broadly,
Into this void come optical imaging strategies with many other ion channels and membrane proteins may
submolecular-scale resolution, such as those based on not be coaxed into a predominant membrane-targeted
the principle of fluorescence resonance energy transfer cellular distribution.
(FRET) (Fo¨rster, 1948). Here, suitable “donor” and “ac- In this issue of Neuron, Riven et al. (2003) shed new
ceptor” fluorophores can be exploited to yield an opti- light onto the dark continent of the intracellular aspect
cally determined readout of interfluorophore distance of membrane molecules by combining CFP/YFP FRET
with typical resolution in the 10–100 A˚ range. When fluo- studies of G protein-gated inward rectifier K channels
rophores are attached to proteins of interest at known (GIRK) with total internal reflection fluorescence (TIRF)
residues, FRET then furnishes the basis for a biomolecu- microscopy. GIRK channels figure critically in the modu-
lar yardstick (Stryer and Haugland, 1967), one that can lation of both neuronal and cardiac excitability and open
even be deployed in situ as molecules undergo motion in upon the binding of G protein  subunits to intracellular
live cells. By attaching fluorophores at various positions, channel domains. GIRK channels have therefore pre-
one can then use “molecular triangulation” to build a sented as attractive targets for CFP/YFP FRET experi-
dynamic view of functioning signaling molecules, includ- ments to study the rearrangements leading to activation.
ing transmembrane proteins like ion channels. The rub has been that these channels have stubbornly
The most quantitative of such FRET applications to refused to adopt a predominant plasma membrane-tar-
ion channels have exploited attachment of membrane- geted distribution. To overcome this obstacle, Riven et
impermeant fluorophores to engineered residues on the al. deploy TIRF microscopy, which exploits an optical
phenomenon that occurs when incident excitation lightextracellular face of voltage-gated K channels (Cha et
Neuron
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ments on CFP and YFP fusion proteins and reach the
surprising conclusion that these fluorophores appear to
be randomized on the time scale of elementary FRET
events, at least in their fusions. Thus, serious calcula-
tions of interfluorophore distance could be undertaken
and used to advance a structural mechanism for GIRK
channel activation involving rotation and radial expan-
sion of cytoplasmic tails. The main caveat to this conclu-
sion is that FRET measurements gauge distance be-
tween bulky CFP/YFP fluorophores, not the distance
between identified sites on the channel tails. In this
sense, the precise scenario of channel motion is likely
to be revised. Nonetheless, it is gratifying that this pic-
ture of channel gating fits with an emerging view brought
forth by complimentary approaches. Structurally, GIRK
may resemble KcsA, and a recent proline scanning mu-
tational study of GIRK suggests that analogous move-
ments of transmembrane helices gate GIRK, KcsA, and
other potassium channels (Jin et al., 2002). A recent
crystal structure of GIRK N and C termini suggests that
these tail domains comprise an intracellular extensionFigure 1. TIRF Microscopy Enables Selective Detection of FRET
from Fluorophore-Tagged, Membrane-Associated Molecules of the channel pore (Nishida and MacKinnon, 2002),
Laser excitation (454 nm) propagates through the immersion oil and fueling speculation that cytoplasmic tail movements,
coverslip at the critical angle and strikes the coverslip/specimen such as those revealed by Riven et al., gate the channel
interface where there is a change in refractive index. This configura- directly at the level of the cytoplasmic pore. Overall,
tion results in total internal reflection of the incident light, but an
what now seems to be clear is that molecular motionevanescent field propagates through a thin segment of the specimen
of channel termini accompanies channel activation. Stillwithin 100 A˚ of the coverslip. This allows selective excitation of the
unresolved, however, is whether tail motion actuallyCFP-tagged channels in this segment, while CFP-tagged channels
in deeper regions of the cell remain dormant. FRET in the membrane causes alteration in channel conductance, or whether
segment will result in fluorescence emission from YFP-tagged chan- the tail movements are secondary to the gating process.
nel subunits, and such YFP fluorescence is selectively captured in Additionally, since GIRK activation is further regulated
the microscope output. This imaging strategy eliminates confounding
by other intracellular components including Na, Mg2,FRET signals from channels trapped in intracellular compartments.
and anionic phospholipids, it will be intriguing to use
the approach of the current paper to determine whether
these messengers beget similar changes in tail mobility.strikes an interface with a change in refractive index
In the broader context, TIRF has been used for some(Figure 1). In this case, if the incident excitation light
years to study various biological membrane processesapproaches at a characteristic critical angle, all the exci-
using conventional fluorescence (Meyer and Teruel,tation light is reflected at the boundary between the
2003). The advance of Riven et al. is to combine TIRFglass coverslip and cell specimen. Yet some of the en-
microscopy with FRET imaging to provide a novel andergy of the beam propagates into the specimen, gener-
powerful approach to monitor molecular motions ofating an “evanescent wave” that penetrates some 100 A˚
membrane-associated proteins tagged with CFP/YFP,into the cell (Meyer and Teruel, 2003). The result is near
especially those proteins with a widespread cellular dis-exclusive illumination of the cell membrane. In this man-
tribution. The future may ultimately furnish smaller fluo-ner, only FRET signals emanating from membrane-tar-
rophores suitable for convenient intracellular labeling;geted ion channels (labeled with CFP/YFP at cyto-
these may elevate the FRET-based estimates of theplasmic tails) are collected in the microscope output,
distance between protein landmarks to another level. Indespite the abundance of fluorophore-tagged GIRK
the meantime, the TIRF-based optical isolation of CFP/channels lurking in the cell interior. This mode of imaging
YFP FRET achieved by the current study already repre-works spectacularly: whereas absolutely no change in
sents a significant general advance for the study ofFRET was resolved upon activation of tagged GIRK
membrane bound signaling proteins. This imaging ap-channels imaged with conventional epifluorescence mi-
proach is likely to be widely and immediately applicablecroscopy, large unmistakable changes in FRET were
by molecular neurobiologists in pursuit of their dream.visualized with TIRF. Thus, in the epifluorescence mode,
legitimate changes in FRET from functional channels in
the membrane were utterly swamped out by the un-
changing FRET of the majority of the channels localized Jenafer Evans and David T. Yue
The Johns Hopkins University School of Medicineintracellularly. With the resolution of TIRF microscopy,
it is now clear that there is a conformational re- Department of Biomedical Engineering
Department of Neurosciencearrangement of the cytoplasmic tails associated with
channel activation. Calcium Signals Laboratory
Ross 713But the contribution of Riven et al. extends still further,
to the issue of randomization of bulky CFP/YFP fluoro- 720 Rutland Avenue
Baltimore, Maryland 21205phores. They explicitly perform anisotropy measure-
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LTP in the recurrent collateral synapses of the CA3 pyra-Nishida, M., and MacKinnon, R. (2002). Cell 111, 957–965.
midal cells. In the present study, Nakazawa and col-
Riven, I., Kalmanzon, E., Segev, L., and Reuveny, E. (2003). Neuron
leagues trained CA3-NR1 KO mice in a delayed match-38, this issue, 225–235.
ing-to-place version of the water maze task (Steele andStryer, L., and Haugland, R.P. (1967). Proc. Natl. Acad. Sci. USA 58,
Morris, 1999). In this task, mice were trained to search719–726.
for a hidden platform that was moved to a new locationZheng, J., Trudeau, M.C., and Zagotta, W.N. (2002). Neuron 36,
on each day of training. The new location was used891–896.
four times each day. While all animals had long escape
latencies on the first trial, control mice were significantly
faster on trial two, indicating that they learned the new
position almost in one shot. Mutant mice, however,
showed only weak improvement and needed more trials
to learn where the platform was hidden. Interestingly,One-Shot Memory in
learning was retarded only when the platform appearedHippocampal CA3 Networks in a new place. When a position from a previous training
day was reused, acquisition was normal. These results
suggest that NMDA receptors in CA3 play a crucial role
in the immediate encoding of unique events.The hippocampus plays a crucial role in the encoding
The authors next studied the effect of NR1 deletionand retrieval of episodic memory. In this issue of Neu-
in CA3 on spatial representation in pyramidal cells inron, Nakazawa and coworkers show that synaptic
CA1, the major output region of the CA3. Extracellularmodification in hippocampal CA3 neurons is critical
action potentials were recorded while mice explored afor immediate storage of information, a key feature of
familiar and a novel arm of an L-shaped track. Hippo-episodic memory.
campal pyramidal cells typically display location-spe-
cific firing in such environments. Deletion of NR1 in CA3
The hippocampus is believed to be essential for the had no effect on spatial firing in the familiar arm. How-
encoding of episodic memories. One unique property ever, when the mice entered the novel arm, the new
of this structure which may subserve the encoding of firing fields that developed there were broader and more
new associations is the high recurrent connectivity of irregular in mutant animals than in controls. This impair-
principal cells in some of its subfields. Pyramidal cells ment was expressed only during the first exposure to
in the CA3 subfield receive direct synaptic input from the new arm. When the test was repeated 1 day later,
as many as 2% of the other pyramidal cells in CA3 or both groups had sharp and distinct place fields in both
4% if only ipsilateral pyramidal cells are counted (Amaral arms. These data indicate that loss of NMDA receptors
et al., 1990). A high degree of recurrent connectivity in CA3 retards the development of place fields in CA1
may allow associations to be made between a large pyramidal cells and provide a possible cellular explana-
proportion of the cells in the network. Thus, the exten- tion for the impairment of rapid learning in the water
sive recurrent connections of CA3 may, in principle, maze after NR1 deletion in CA3.
allow the network to store any combination of elements The new data raise several interesting issues. First,
in an impulse pattern projected from the neocortex to the impairment of spatial tuning in CA1 does not tell us
individual CA3 cells (Marr, 1971; McNaughton and Mor- which computational operations failed in CA3. How is
ris, 1987; Treves and Rolls, 1992). Recurrent connectivity new information stored in CA3 in the normal animal, and
would, in other words, enable the network to encode how is this information retained and processed further
the unique associations that must be made for a pattern as it reaches CA1? How does the CA3 interact with other
to be remembered as an episode. elements of hippocampal circuitry, and could the effects
If new associations are to be stored in a recurrent of NR loss in CA3 be attributed to any of these interac-
network like the one in CA3, the constituent synapses tions? One possibility is that the storage of new patterns
of information may depend on plasticity in recurrent CA3must be modifiable. Synapses between CA3 pyramidal
